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ABSTRACT 


The adoption by NASA of the metric system for dimensioning to replace 
the long -used English units imposes a requirement on the U. S, transformer 
designer to convert from the familiar unit to the less familiar metric 
equivalents. Material is presented to assist in this transition in the field 
of transformer design and fabrication. 


The conversion process in power electronics requires the use of trans- 
former components which frequently are the heaviest and bulkiest items in 
the conversion circuit. They also have a significant effect upon the overall 
performance and efficiency of the system. Accordingly, the design of such 
transformers has an important effect on overall system weight, power- 
inversion efficiency, and cost. 


For years manufacturers have rated their cores with a number that 

represents its relative power -handling ability. This method assigns to 

each core a number which is the product of its window area and core cross- 

section area, and is called “Area Product A . “ 

P 


The author has developed a coordination between the A numbers and 

P 

current density J for a given regulation and temperature rise. The area 
product Ap is a dimension to the fourth power, whereas volume is a dimen- 
sion to the third power and surface area Aj_ is a dimension to the second 

power. , The author has developed straight-line relationships for A and 

P 

Volume, Ap and surface area A^ and, A^ and weight. These relationships 
can now be used as new tools to simplify and standardize the process of 
transformer design. They also make it possible to design transformers of 
small bulk and volume or to optimize efficiency. 


¥ 
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INTRODUCTION 


The conversion process in power electronics requires the use of 
transformers, components which frequently are the heaviest and bulkiest item 
in the conversion circuits. They also have a significant effect upon the overall 
performance and efficiency of the system. Accordingly, the design of such 
transformers has an important influence! on overall system weight, power 
conversion efficiency and cost. Because of the interdependence and interaction 
of parameters, judicious design tradeoffs are necessary to achieve optimization. 

The information presented herein explains the reasons for making such 
tradeoffs as a guide for making them intelligently. 


Manufacturers have for years assigned numeric codes to their coi“es which 
represent the relative power handling ability. This method assigns to each 
core a number which is the product of its window area and core cross section 

area and is called "Area Product", A . 

P 

Over the last few months, the author became aware of unique relation- 
ships between the "Area Product", Ap, characteristic number for transformer 
cores and several other important parameters which must be considered in 
transformer design. These numbers were developed by core suppliers to 
summarize dimensional and electrical properties of C-cores and are listed 
in -flieir catalogs. Such numbers are available for more than 200 different 
C-core sizes and configurations. 


The author has developed relationships between the A^ numbers and 
current density J for a given regulation and temperature rise. The area 

4 

product A is a dimension to the fourth power £ , whereas volume is a dimen- 

3 

sion to the third power £ and surface area A is a dimension to the second 
2 ^ 

power £ . Straight-line relationships have been developed for A and volume. 

It 

A and surface area A. and A„ and weight, 
p t p “ 


These relationships can now be used as new tools to simplify and stand- 
ardize the process of transformer design. They make it possible to design 
transformers of smaller bulk and volume or to optimize efficiency. While 
developed specifically for aerospace applications, the information has wider 
utility and can be used for the derign of non-aerospace transformers as well. 
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Because of its significance, area product, Ap, is treated extensively. 
Additionally a great deal of information is presented for the convenience of the 
designer. Much of the material is in graphical or tabular form to assist the 
designer in making the tradeoffs best suited for his particular application in 
a minimum amount of time. 

One of the basic steps in transformer design is the selection of the 
proper core material. To aid in the selection of cores a comparison of five 
common core materials is presented which illustrates their influence on overall 
transformer efficiency and weight. The designer should also be aware of the 
cost difference between core materials of the nickel steel families and the 
silicon steel family. In many instances, the author has found it possible to 
achieve suitable dssigns using low cost, silicon steel C-cores when the proper 
design tradeoffs are made. 

THE DESIGN PROBLEM, GENERALLY 


The designer is faced with a set of constraints which must be observed 
in the design of any transformer. One of these is the output power, P^, 

(operating voltage multiplied by maximum current demand) which the secondary 
winding must be capable of delivering to the load within specified regulation 
limits. Another relates to minimum efficiency of operation which is 
dependent upon the maximum power loss which can be allowed in the transforiner. 
Still another defines the maximum permissible temperature rise for the trans- 
former when used in its intended environment having a defined ambient temper- 
ature range. 

Other constraints relate to volume occupied by the transformer and 
particularly in aerospace applications, weight, since weight minimization is 
an important goal in the design of space flight electronics. Lastly, cost 
effectiveness is often an important consideration. 

Depending upon application, certain of these constraints will dominate. 
Parameters affecting others may then be traded off as necessary to achieve 
the most desirable design. It is not possible to optimize all parameters in a 
single design because of the interaction and interdependence of parameters. 
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For exarrple, if volume and weight are of great significance, i*eductions on 
both often can be effected by operating the transformer at a higher frequency 
but at a penalty in efficiency. When the frequency cannot be raised, reduction 
in weight and volume may still be possible by selecting a more efficient core 
materictl, but at a penalty of increased cost. Judicious tradeoffs thus must be 
effected to achieve the design goals, 

A flow chart showing the interrelation and interaction of the various 
design factors which must be taken into consideration is shown in Figure 1. 


START 
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' area-product I 
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current density 


CORE CONFIGURATION KNOWN 
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MATERIAL 
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REGULATION 


HIGH FREQ 
SKIN EFFECT 


Fig. 1. Transformer Design Factors Flow Chart 

Various transformer designers have used different approaches in arriv- 
ing at suitable designs. For example, in many cases a rule of thumb is used 
for dealing with current deiisity. Typiceilly, an assumption is made that a good 
working level is 1000 circular mils per ampere. This may be practical in many 
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instances but the wire siae needed to meet this requirement may produce a 
heavier and bulkier transformer than desired or required. The information 
presented herein makes it possible to avoid the use of this and other rules of 
thumb and to develop a more economical design with great accuracy. 


THE AREA PRODUCT {Ap) 


The A * of a C-type core is the product of the available windov/ area (W ) 
P 2 ^ 

of the core in square centimeters (cm ) multiplied by the effective cross- 

sectional area (A^) in square centimeters (cm^) which may be stated as: 



= W A 
a c 



( 1 ) 


Figure E shows in outline form a C-core type transformer typical of 
those shown in the catalogs of suppliers and uses the letter designations 
accepted by the industry to indicate certain significant dimensions from which 
the A area product is calculated. From this it can be seen that W is the 

P a 

FG product and A^ is the DE product. 
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Fig. Z. C-Core Transformer 




Reference 1. 


4 


JPL Technical Memorandum 33-767 



RELATIONSHIP OF An TO TRANSFORMER POWER HANDLING CAPABILITY 


According to the newly developed approach, the power handling capability 
of a core is related to its area product by an equation which may be stated as: 





CURRENT DENSITY COEFFICIENT 
323 FOR Z50C RISE 
468 FOR 50OC RISE 


m = WINDOW UTILIZATION FACTOR 
“ 0. 4 IN MOST CASES 


£ = FREQUENCY, Hz^ 


= FLUX DENSITY, TESLA 
m 


K = WAVEFORM COEFFICIENT 
4. 0 SQUARE WAVE 
4. 44 SINE WAVE 


I — P. = APPARENT POWER 

^ PRIMARY PLUS SECONDARY 

From the above it can be seen that factors such as flux density, freq,uency of 
operation, window utilization factor which defines the maximum space 
which may be occupied by the copper in the window and the constant which 
is related to temperature rise. All have an influence on the transformer area 
product. The constant is a new parameter that gives the designer control 
of the copper loss. Derivation is set forth in detail in Appendix D (page 36). 

OUTPUT POWER VS INPUT POWER VS APPARENT POWER CAPABILITY 


Output power (P^) is of greatest interest to the user. To the trans- 
former designer it is the apparent power (Pj.) which is associated witli the 
geometry of the transformer that is of greater importance. Assume, fox' the 
sake of simplicity, the core of an isolation transformer has but two windings in 
the -window area (W^), a primary and a secondary. Also assume that the window 
area (W ) is di-vided up in proportion to the power handling capability of the 
windings using equal current density. The primary winding handles P^ and 
the secondary handles P^ to the load. Since the power transformer has to be 
designed to accommodate the primary P ^.^ and secondary P^, then; 

P. = P. + P 
t in o 


P. = “T + P 
t ri o 
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The designer must be concerned with the apparent power handling 
capability, P^, of the transformer core and windings. may vary by a factor 
ranging from 2 to 2. 828 times the input power, P^, depending upon the config- 
uration of the circuit in which the transformer is used because of the different 
KMS current levels in the windings during operation. If the current wave 
shape in the rectifier transformer becomes interrupted its effective RMS value 
changes. Transformer size, thus, is not only affected by the load demand but, 
also, by the different copper (winding) losses incurred in the various circuit 
arrangements. 


For example, for a load of one watt, compare the power handling capabil- 
ities required (neglecting transformer and diode losses so that (P ;^^ = Pq) for the 
full-wave bridge circuit of Figure 3, the full-wave center-tapped secondary 
circuit of Figure 4, and the push-pull center-tapped full-wave circuit in 
Figure 5. 


i 


For the circuit shown in Figure 3, 



Fig. 3. Full Wave Bridge Circuit 


the total apparent power P^. is 2 watts, as may be seen from: 


P. 

in 


^t ^ ^%1 ® N1 ^ ^^2 % 2 ^ 


jPf = 2 P. 
t xn 


(4) 


JPLi Technical Memorandum 33-767 


in which and currents associated with the primary and secondary 

windings, respectively, and and ^® voltages across the primary 

and secondary windings, respectively. 

The circuit shown in Figure 4 


N2 = N3 


SQUARE WAVE 



LOAD TV/ 


Fig. 4. Full Wave Center Tapped Circuit 

requires an increase o£ 20. 7% in Pj. due to the increased RMS rating because 
of the interrupted current flowing in that winding. 

Pt = ^Nl> %2> + %3>1 (5) 

P, = P. + 0.707 P. + 0.707 P. =2.414P. 
t in in in in 
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and for the circuit shown in Figure 5 


N, = N2=N3 = N^ 



LOAD IW 


Fig. 5, Pushpull Full Wave Center Tapped Circuit 


which is typical of a dc to dc converter, requires a increase to 2.828 
because of the interrupted current flowing in the primary and secondary 
windings 

since Nj^ = N 2 = , 

Pf = j{0.707Ij^j^ ®N1^ ^ ^Nz|| '*' [*^°* ^N4|| 

P = 0.707 P. + 0.707 P. +0.707 P. + 0. 707 P. = 2. 828 P. 
t in in. in xn in 

Thus the circuit configuration in which the transformer is to be used 
must be considered by the designer when sizing the transformer. 

Rather than discuss the various methods previously used by designers, 
the author believes it will be more useful to consider typical design problems 
and to work out solutions using the approach based upon tlie newly formulated 
relation s hip s . 
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A SPECIFIC DESIGN PROBLEM AS AN EXAMPLE 


Assume a specification for a transformer design as shown in Figure 4 
(page 7) requiring: 

E^ (output voltage) =10 volts 

I^ (output current) = 2.0 amps 

E.^ (input voltage) =50 volts 

* Ope rating frequency (f) = 2500 Ha (square wave) 

Maximum temperature rise = 25“C 

^i^^Transformer efficiency = 95%. 


Assuming the bridge rectifier of Figure 3, and using the efficiency con- 
straint of 95%» the apparent power handled by the transformer is calculated 
(from equation (3)) to be: (1. 0 volt diode drop (V^) assumed). 

Insert values 


P 

P. = — + P (3) 

t r\ o 

P. = p- ' + 24 = 49. 3 watts 

t U • *7 ^ 


This value determines the apparent power handling capability of the core 
needed for the transformer. A suitable core selection is made by using the 
area product listings in the catalogs describing the many C-core configurations 
(sizes and shapes) available from the various suppliers. 


*For high frequency skin effect, see Appendix J (page 57). 

'J'fl’For transformer regulation as a function of efficiency, see Appendix E 
(page 39). 
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Core Selection 


Applying the data from the example to equation (E): 

d, 16 


^ 49. 3 X 10' 

P V(4)(0. 3)^(2500)(0. 4)(323)J 


= 1. 32 cm" 


After the A^ has been determined, the geometry of the transformer can be 
evaluated as described in Appendix G for weight. Appendix C for surface area 
and Appendix H for volume, and appropriate changes made, if required. Having 
established the configuration, it is then necessary to determine the core mate- 
rial to complete core selection. Material selection requires consideration of 
efficiency constraint which is 0,95 in the example. The total transformer losses 
are 




- p 


(7) 


Inserting values: 


Ps ■ - 24 = 1. 26 watts 

Maximum efficiency is realized when the copper (winding) losses are equal to 
the iron (core) losses (see Appendix B, page 27) which is expressed as 


Pcu 

= ^fe 

, and therefore 

^cu 

2 

and thus 

^cu 

= 0.63 

= Pfe 


Referring to Table 1, column 3 (pages 11 and 12), the AL.-124 core with a A 

P 

4 4 

of 1.44 cm is closest to the 1. 32 cm A calciiLated above, 

P 


tThis is an arbitrary figure developed through years of experience. It can be 
scaled upwardly for comparison of materials with higher flux density. 
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Definitions for Table 1 




Information given is listed by column as: 

1. Manufacturer part number 

2. Surface area calculated from Figure C3 

3. Area product effective iron area times window area 

4. Mean length turn on one bobbin 

5. Total number of turns and wire size for two bobbins using a window 

utilization factor K =0.40 

u 

6. Resistance of the wire at 50 °C 

7. Watts loss is based on Figure Cl for a AT of 25® C with a room 
ambient of 25® C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

8. Current calculated from column 6 and 7 

9. Current density calculated from column 5 and 8 

10. Resistance of the wire at 75 ®C 

11. Watts loss is based on Figure C I for a AT of 50° C with a room 
ambient of 25® C surface dissipation times the transformer surface 
area, total loss is equal to 2 

,2. Current calculated from column 10 and 11 

,3. Current density calculated from column 5 and 12 

.4. Effective core weight plus copper weight 

.5. Transformer volume calculated from Figure HI 

.6. Core effective cross-section 
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CORE LOSS, miliiwafts/gram 


V TTV" * yj^f » ti? f. •■- ,-*<■> - v.v.'t’!* .I'T.-ryr 

FLUX DENSITY. TESLA 

\ 

flT n T T 

1 HT 

IT 1 nr 

X J 

n IT 




Referring to column 14, the weight of the core is 46, 6 grams. The core loss 
in milliwatts per gram is obtained from 


0. 63 watts 
46.6 grams 


0. 0135 which converts to 


13,5 milliwatts/ gram. 

The efficiency of various silicon and nickel steels for various high fre- 
quencies and flux density is shown in the graphs of Figure 6*^. Reading from 
the 2. 5 KHz frequency curve for a flux density of 0. 3 tesla, the loss per gram 
is about 12 milliwatts per gram, which for 46. 6 grams is a total core loss of 
560 milliwatts which permits use of a silicon steel core material. 


Winding Parameters 

The power loss in the winding can now be accurately determined. First 
it is necessary to calculate the number of turns in the primary and secondary. 
The number of primary turns is calculated from the Faraday law which states: 


N 


E X 10^ 
4B A f 


m c 


( 8 ) 


Inserting values from the data; 


N = 50 X 10 _ 233 (primary) 

(4)(0. 3){0.716}(2500) 


"^These curves are for sine 'Ovaves but are substantially the same for 
square waves. :• 
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(The core cross-section value is obtained from Table 1 (pages 11 and 12).) 
The secondary turns are calculated from: 


Primary turns 
Voltage 


233 

50 


= 4.7 turns per volt 


Since the specified load voltage is 10 volts plus two diode drops, 
4. 7 X 12 = 57 turns (secondary). 


Current Density and Wire Size 

The relationship between the area product and current density is; 

J = K. A (9) 

J P 

in which K. is a constant which has a value of 323 for a 25° C rise and a value 
J 

of * 68 for a 50° C rise. Derivation is shown in Appendix D (l®-ge 36). 


Inserting values; 


J = {323)(1.44)"°* = 307 amp/ cm^ 


The primary winding current will be; 


input power _ 25 2 
input voltage 50.0 


0. 50 amp 


The wire size for the primary is: 


0.50 

307 


0. 00162 cm^ 


2 

From the wire table* page 45, No. 25 wire has a diameter of 0.001623 cm and 
is therefore suitable. 
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The wire size for the secondary is; 


2 . 0 2 

= , 00651 cm 

2 

From the wire table, page 45, No. 19 wire has a diameter of 0.00653 cm 
ar.d is therefore suitable. 


The power loss in the windings then can be calculated. The resistance of 
a winding is the mean length turn in cm multiplied by the resistance in 
microhms per cm and the total number of turns, or: 

R = MLT X N X (Column C) X 10“^ [S2] (10) 

For the primary winding; 

R = 5.5 X 0.00106 X 233 = 1.36S2 
F or the secondary winding; 

R = 5.5 X 0. 000264 X 57 = 0. 0827S2 


Since power loss is; P = I R 


( 11 ) 


2 

Copper loss in the primary is (0, 50) X 1. 36 or 0, 340 watt. In the 

2 

secondary, the loss is (2. 0) X 0. 0827 or 0. 331. The total loss in tlie windings 
is 0, 671 watt. Since the power loss in the core is 0. 560 watt, the total power 
loss in the transformer will be 1. 23 watts, which will meet the required 
efficiency parameter. 
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Another Design Problem As An Example 






Assume a specification for a transformer design as shown in Figure 4 in 
which: 

E = 56. 0 volts after a diode drop 1, 0 volt 
o 

P =100 watts to the load 
o 

Ejj^ = 200 volts 

* Operating frequency = 10 KHz (square wave) 

Maximum temperature rise = 25 “C 
ransformer efficiency = 98% 


Because of the diode drop, the actual output power of the transfoimer is 
101. 8 watts. Since Figure 4 shows a center tapped secondary, is 20, 7% 
greater than in the first example because of the increased RMS rating as 
explained in equation (5). Thus 


■ (^f • '.) 


X 1.207 


Inserting values: 


= + 101.8 j X 1.207 = 248 watts 


The proper core is obtained from the area product using equation (2). 


Inserting values: 


■( 


248 X 10’ 


. 1. 14. 


(4,0)(0.3){10^(0.4)(323) 


= 1, 7 1 cm 


4 


•*For high frequency skin effect, see Appendix J (page 57), 

*^*For transformer regulation as a function of efficiency, see Appendix E (page 39). 
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After the has been determined, the geometry of the transformer can be 
evaluated as described in the first example, (page 10), and appropriate changes 
made, if desired. Having established the configuration, it is then necessary to 
determine the core material to complete core selection. Material selection 
requires consideration of efficiency constraint which is 0.98 in the example. 

The transformer losses are, from equation (7) 

P 

P„ = — - P 
S q o 

Inserting values; 


Pg = - Q^g 3 - 101.8 = 2. 08 watts 


Again maximum efficiency is realized when the copper (winding) losses 
are equal to the iron (core) losses which is expressed as; 


p 

= Pr 

cu 

fe 

p 

= ^ 

cu 

7 , 

p 

= 1.04 


, and therefore 


and thus 


cu 


= P 


fe 
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Referring to Table 1, colxnnn 3 (pages 11 and 12), the AL-8 core with an 

4 

of 2. 31 is closest to the 1. 71 cm A caluclated above. Referring to 

P 

col’jmn 14, the weight of the core is 66.6 grams. The core loss in milliwatts 
per gram is obtained from 


1 . 04 watts 
66.6 grams 


0.0156 which converts to 


15.6 milliwatts/ gram . 


Knowing the core loss in milliwatts/grams, the designer refers to the graphs of 
Figure 6 (page 13). Reading from the curve for the 10 KHz frequency of opera- 
tion which is specified, it appears that for a fliAX density of 0. 3 tesla, the . 
material that comes closest to 15.6 milliwatts per gram is Permalloy 80 which 
is approximately 12 milliwatts per gram. When nickel steel is used, Table 12 
(page 55) in Appendix I provides a weight correction factor. The weight of 66.6 
is increased to 76.5 to give a total core loss of 918 milliwatts. 


Winding Parameters 

The power loss in the winding can then be determined. First it is 
necessary to calculate the number of turns in the primary and secondary. The 
number of primary turns is calciolated from the Faraday law equation (8) which 
states: 


N 


E X 10^ 
4B A f 


m c 


i; il"; ^ : 
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Inserting value s from the data: 


AT 200 X 10 T 

N = = 207 turns (primary) 

(4)(0. 3)(0. 806)(10^) 


(The core cross-section value A is obtained from Table 1, pages 11 and 12). 

c 


The secondary turns are calculated from: 


primary turns _ 207 
voltage “ 200 


1.035 turns per volt 


Since the specified secondary voltage is 57, 1,035 X 57 = 59 turns each side of 
center tap. 


Current Density and Wire Size 

The relationship between the area product 
equation (9) is: 


A 

P 


and current density from 


J = K.A 
J P 


-0. 14 


in which K. is a constant which has a value of 323 for a 25“ C rise and a value 
J 


of 468 for a 50“ C rise. Derivation is shown in Appendix D (page 36). 


Inserting values: 


J = (323)(2. 3i)"^‘ = 287 amp/ cm^ 


the primary winding current will be; 


input power 104 


input voltage ~ 200 


= 0. 52 amp. 
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The wire size for the primary is: 


= 0.00181 cin^ 


From the wire table, (page 45), No. 25 wire has a diameter of 0,001623 cm*". 
The rule is that when the calculated wire size does not fall close to those listed 
in the table, the next smallest size should be selected. 


The wire size for the secondary is: 


output current (0.707) _ 1. 79 X (0. 707) 


287 


287 


= 0. 0044 cm 


From the wire table. No. 21 wire has a diameter of 0. 00411 cm and is there- 
fore suitable . 


The power loss in the winding then can be calculated. From equa- 
tion (10), {page 16): 


R = MLT X N X (Column C) X 10“^ 


In] 


for the primary winding: 


R = 5,74 X 0,001062 X 207 = 1.26S2 


for the secondary winding: 


R = 5.74 X 0.000419 X 59 = 0.142S2 


since power loss is: 


P = I^R 
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Copper loss in the primary is (0. 52) ' X i, 26 or 0. 341 watts. In the 
secondary, the loss is (1. 79 X 0. 707)^ X 0. 142 X 2 = 0, 455 watts. The total loss 
in the winding is 0. 796 watts. Since the power loss in the core is 0. 918 watts, 
the total power loss in the transformer will be 1. 714 watts, which will meet the 
required efficiency parameter. 

The author has put in Appendix K the area product relationships 
between volume, surface area, current density, and weight for pot core, tape 
wound cores (toroids), power cores, laminations, and C cores. Much of the 
material is in graphical or tabular form to assist the designer in making the 
tradeoffs best suited for his particular application in a minimum amount of 
time. 
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APPENDIX A 


TRANSFORMER POWER HANDLING CAPABILITY 


The power handling capability of a transformer can be related to its A^ 
quantity (which is actually its W A product where W is the available core 

window area in cm and A is the effective cross-sectional area of the core in 

2 ^ 
cm ), as follows. 

A form of the Faraday law of electromagnetic induction much used by 
transformer designers states; 

E=KB ANfX 10“^ (Al) 

me ' ' 


(The constant K is taken at 4 for square wave and at 4. 44 for sine wave 
operation. } 

It is convenient to restate this expression as; 


E X 10^ 
m 


(A2) 


for the following manipulation. 

By definition the window utilization factor is: 


K 


u 


N A 

nr 

a 


w 


and this may be restated as; 


N 



W 

a 



(A3) 


(A4) 
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If both sides of the equation are multiplied by A , then; 

c 


From equation (A2); 


Solving for W A ; 

a c 


K W A 




w 


K W A TT V 

u a c E X 10 


w 




E A X 10 


w 


W A = --r-= 

a c 4 B f K 


m u 


By definition, current density J = amp/cm which may also be stated: 


J = 


w 


which may also be stated as; 


A 


w 


J 


It will be remembered that transformer efficiency is defined as: 



and P. = E I 
in 


Rewriting equation (A 7) as: 


EA 

w 


4B_.K W A 
mf u a c 


10 


-4 
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and since: 


J 



then; 


W A 

= W A 

+ W A 

a c 

total ^ 

Primary ^ ^ 


Secondary 


W A 
a c 


total 


P X 10^ X 10^ P X lO** 

” T4B fK“ 4B f K J " 4B f K J 
mu mu mu 


and since 


P 


t 



+ P 

o 


then 


P X 10^ 

W A = — 

a c 4B fK J 
m u 

which may also he stated as applied in Appendix D (page 36) Transformer 
Current Density 


P^ X 10^ 

A - 

p 4 B f J K 
^ m u 


(A12) 


(A 13) 


(A 14) 


(A15) 


(A 16) 
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APPENDIX B 


TRANSFORMER EFFICIENCY 


The efficiency rating of a transformer is a measure of the effectiveness 

of the design. Efficiency is defined as the ratio of the output power P^ to the 

input power P. . The difference between the P and the P. is due to losses, 
in o in 

The total power loss in a transformer is made up of fixed losses in the core 
and quadratic losses in the windings or copper. Thus 


P = p -L p 

X fe ^cu 


(Bl) 


where represents the core loss and represents the copper loss. 

Maximum efficiency is achieved when the fixed loss is equal to the quadra- 
tic loss as shown by the equations on page 28. Transformer loss versus output 
load current is shown in Figure Bl, below. 



The copper loss increases as the square of the output power multiplied by 
a constant K which is thus; 


P 


cu 



(B2) 
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which, may be rewritten as 


= P. +KP" 

S fe o 


(B3) 


Since 


and the efficiency is 


P. = P^ + P„ 
in o S 


Tl = 


P + P^ 
o S 


then: 


Ti = 


P + P^ + KP? P- + P +KP^ 
o fe o le o o 


and, differentiating with respect to P^: 


^~ = -P [P- +P +KP^1 (1+2KPJ 

dP o [ f e o oj ' o 

+ f P - + P + KP^ 1=0 for max ri 
I f e o o 1 ' 


-P {1 + 2 KP ) + ( 
o' o' V 


P. +P +KP^) = O 
f e o o / 


-P - 2KP^ + P, + P + KP^ = O 
. o o fe o o 


/. P^ = KP^ = P 

fe o cu 


(B4) 
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APPENDIX C 


RELATIONSHIP OF Ap TO CONTROL OF TEMPERATURE RISE 


Temperature Rise 

Not all of the input power to the transformer is delivered to the load 

as the P^, Some of the input power is converted to heat by hysteresis and eddy 

currents induced in the core material, and by the resistance of the windings. 

The first is a fixed loss arising from core excitation and is termed "core loss." 

The second is a variable loss in the windings which is related to the current 

Z 

demand of the load and thus varies as I R. This is termed the quadratic or 
copper loss. 

The generated heat produces a temperature rise which must be controlled 
to prevent damage to or failure of the windings by breakdown of the wire insula., 
tion at elevated temperatures. Such heat is dissipated only from the exposed 
surfaces of the transformer by a combination of radiation and convection, and 
thus is dependent upon the total exposed surface area of the core and windings. 

Ideally, maximum efficiency is achieved when the fixed and quadratic 
losses are equal. Thus; 


P 


s ■ 


P- + 
fe 


cu 


(Cl) 


and 


P 


cu 



(C2) 


When the copper loss in the primary winding is equal to the copper loss 
in the secondary, the current density in the primary is the same as the current 
density in the secondary; 



(C3) 
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! 

I 





and 


then: 



2P 

" kTTz 

P 



(zy^ 


(C4) 


I ZI 

T = E_ = E 

W/Z W 

^ a a 



(C5) 


Calculation of Temperature Rise 

Temperature rise in a transformer winding cannot be predicted with 
complete precision, despite the fact that many different techniques are 
described in the literature for its calculation. One reasonably accurate method 
for open core and winding construction is based upon the assumption that core 
and winding losses may be lumped together as: 




+ P 

cu 


(C6) 


and the assiimption that thermal energy is dissipated throughout the surface 
area of the core and v/inding assembly. 

Transfer of heat by radiation occurs because any body raised to a ' em- 
perature above its surroundings eniits heat energy in the form of waves. In 
accordance v/ith the Stefan-Boltzmann law,^" this may be expressed as: 

= Kc {Tz"^ - Tl"^) (C7) 


in which 

= watts per square inch of surface 
K = 3.68 X 10"^^ 


Reference No. 2 
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€ = emissivxty factor 

TE - hot body temperature in absolute degrees 

T1 = ambient or surrounding temperature in absolute degrees* 

Transfer of heat by convection occurs when a body is hotter than the sur** 
roxmding medium, which usually is air. A thin layer of air in intimate contact 
with the hot body is heated by conduction and expands, rising to take the 
absorbed heat with it. The next layer being colder, replaces the risen layer, 
and in turn on being heated also rises. This continues until all of the medium 
surrounding the body is at the body temperature. Transfer of heat by convec- 
tion^ is stated as: 


= KFe"» ^ 


(C8) 


in which: 

= watts loss per square inch 
K = 1.4 X 10"^ 

F = air friction factor (unity for a vertical surface) 

6 = temperature rise, degrees C 

p = relative barometric pressure (unity at sea level) 

T| = exponential value ranging from 1.0 to 1.25, depending on the shape 
and position of the surface being cooled. 

The total loss dissipated from a plane vertical surface is expressed by 
the sum of equations (C7) and (C8), 

W = 3.68 X 10"^^ e(T2'^ - Tl^) + 1.4 x 10"^ FO^*^^ (C9) 

Temperature Rise Versus Surface Area Dissipation 

The temperature rise which may be expected for various levels of power 
loss is shown in the nomograph of Figure Cl below. It is based on equation (C9) 


^Reference No. 2 
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EMISSIVITY 0.95 
45% CONVECTION 
55% RADIATION 


AT • TEMPERATURE RISE. DEGREES C 

Fig. Cl. Temperature Rise Versus Surface Dissipation 

relying on data obtained from Reference Z for heat transfer effected by a 

combination of 55% radiation and 45% convection, from surfeces having an 

emissivity of 0. 95, in an ambient of 25 ’C, at sea level. Power loss (heat 

2 

dissipation) is expressed in watts/cm of total surface area. Heat dissipation 
by convection from the upper side of a horizontal flat surface is on the order 
of 15 to 20% more than from vertical surfaces. Heat dissipation from the 
underside of a horizontal flat surface depends upon surface area and conductivity. 

Surface Area Required for Heat Dissipation 

The effective surface area required to dissipate heat (expressed as 
watts loss per unit area) is: 


A. = ^ 

t ^ 


(CIO) 
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f 

I 

I 

I 

f, 

i' 

J. 


in which. "S' is the power density or the average power' lost per unit area of the 
heat dissipating surface of the transformer and is the total power lost or 
dissipated. 

Surface area of a transformer can be related to the area product 
of a G-core transformer. The straightline logarithmic relationship shown in 
Figure C2 below, has been plotted from the data shown in Table 1 (pages 11 
and 12). 



Fig. C2. 


Surface Area Versus Area Product A 

P 


The relationship is obtained from the conventional slope relationship: 


Slope 
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according to: 



in which the subscripts denote the extremes of the values in each column. 
From this it appears that: 


A, = K (A )°* ^ 
t s' p^ 



(Cil) 


and that (from Fig. Cl) 


= 0.03 W/cm^@ Z5°C rise 
•3? =0.07 W/cm^® S0“C rise 

in which the constant K has been derived empirically by averaging the data 
presented in Table 1 (pages 11 and 12} columns 2 and 3. Column 3 was increased 
to account for the gross area of the iron and K therefore is 39. 2. 

S 

Calculation of Surface Area of C~Cores 

Table 1 (pages 11 and 12) is a tabulation of data relating to selected 

C-cores of standard manufacture. The surface areas A. of those cores were 

t 

calculated in accordance with the dimensional relations shown in Figures C3 
and C4 below, which derive from the geometry of the core and windings of 
C“type core transformers as fabricated to industry standards. 
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APPENDIX D 


TRANSFORMER CURRENT DENSITY 


Current density J of a transformer can be related to the surface area A^ 
of a C-core transformer for a given temperature rise. The straightlLne 
logarithmic relationship shown in Figure D1 below, has been plotted from the 
data shown in Table 1 (pages 11 and 12). 


CM 

§ 600 


£ 200 
a: 

ZD 








40 60 BO 100 

SURFACE AREA, cm^ 


400 600 


Fig. Di. Current Density Versus Surface Area 
fcr a 25“C and 50"C Rise 


The relationship is obtained from the conventional slope relationship: 


Slope = 


Log Jj/J^ 
Log k[Ik\ 


according to: 
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The relationship is; 


j = (di) 

in which Kj is a constant which is calculated to be 776 for a 25 °C temperature 
rise and 1120 for a 50° temperature rise. 

The relationship of current density J to the area product A for a given 

P 

temperature rise can be derived as follows* 

The surface area relation to the area product A^ derived in equa- 
tion Cll of Appendic C, states: 


Combining the eqi^ations Dl and D2 

^ -0. 28 _ ^ ^ 0. 5.-0. 28 
t “ Kj ^ s p J 

J = K, (K A 

1 s p ' 

J = K.K A 

Is p 

K. = K (K 
3 1 s' 

J = K. A (D3) 


where: 

j Kj for 25 ®C rise is 323 and Kj for 50“ rise is 468 from the data of Table 1 

. (pages 11 and 12) in columns 3 and 6 and 3 and 10. This expression may now 
Ibe inserted in equation (A16) from Appendix A which is: 
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yielding: 


X 10 


A = 
P 


P^ X 10 
t 




0. 86 *’t 

P - «^1K„K. 


/ X 10^ 


1 , 16 


Figure D2 utilizes the efficiency rating in watts loss in terms of two 

different, but commonly used allowable temperature rises for the transformer 

over ambient temperature. The data presented are used as bases for indicat- 

2 

ing the needed transformer surface area A (in cm ). 



Fig. D2. Surface Area Versus Total Watt Loss 
for a 25 “G and 50”C Rise 
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APPENDIX E 


REGULATION AS A FUNCTION OF EFFICIENCY 

The size of a transformer usually is determined either by a temperature 
rise limit, or by allowable voltage regulation, assuming that size and weight 
are to be minimized. 

Figure El below shows circuit diagreim of a transformer with one 
secondary. 



Fig. El, Transformer Circuit Diagram 
The analytical equivalent is shown in Figure E2, 



Fig. E2. Transformer Analytical Equivalent 

This assumes that distributed capacitance in the secondary can be 
neglected because tlie secondary voltage is not excessive. A'lt'j the winding 
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geometry is designed to limit the leakage inductance to a level low enough to 
be neglected under most operating conditions. 

Transformer voltage regulation can be expressed as; 

V (N.L.) -V (F.L.) 

Reg (%) = y (N.U) 


in which (N, L. ) is the no load voltage and (F. L, ) is the full load 
voltage. 

The output voltage computed using Figure El is: 


V 

o 


IKN^R^) 1I(R^ + R^) 


NE 


R + R 
o s 


N^R. 


(E2) 


For the usual condition of 


N^R™ » N^R 11 (R. + R ), 

itj p o s 


simplifies to 


R 

V = V (F. L. ) = 

° ° R + (ISTR + R„) 

o p s 


NE 


(E3) 


For equal window areas allocated for the primary and secondary wind- 

Z 

ings, it can be shown that NR = R . 

° p s 

For simplicity 

Let R s N^R + R = 2R 

cu p s s 

At no load {N. L. ) R^ approaches infinity, therefore; 

(N. L, ) = NE (E4) 
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NE 


Reg (%) = 


R +R . 
o cu 


NE 


X 100 


NE 


(E5) 


■(•-rV) 


X 100 


(E6) 


R 


cu 


R + R 
o cu 


X 100 


(E7) 


ratio. 


Thus it appears that regulation is independent of the transformer turns 


Regulation as a function of copper loss* multiply the equation E7 by I 


^ R 

Reg (%) = X 100 

r (R + R ) 
o ' o cu' 


(E8) 


then 


Reg (%) = p - 

o cu 


(E9) 


P. = P + P- + P 
in cu le o 


(ElO) 


Regulation as a function of efficiency 


in 


F + P, 
cu fe 


inF 


= n 


(Ell) 


By definition 


P 


cu 
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Solving for 


P^(i-n) 


= p 


.(ir- ■) ■ 


V + P- = 2 P 
cu fe cu 


(E12) 


Reg (%) _ 

ioo ■ 


- 1 


I + 


1 + 


1 +11 


CU 




(E13) 


Reg (%) = “•— X 


- ^ 100 


(E14) 


Efficiency as a function of regulation, multiply both sides of the equation by 

(1 +n): 


Reg (%) + qReg (%) = 100 - nlOO 

solve for i| 

n 100 + qReg {%) = 100 - Reg (%) 
T] (100 + Reg (%) = 100 - Reg (%) 

n = 100 - Reg (%) 

' 100 + Reg (%) 


. (E15) 


(E16) 

(E17) 

(E18) 
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APPENDIX F 


WINDOW UTILIZATION FACTOR 

The fraction K of the available core window space which will be occupied 
u 

by the winding (copper) is calculated from areas Sj, S^, S^, and S^: 


= Sj X X X 


(FI) 


where 


S 


1 


conductor area 
wire area 


S 


Z 


wound area 
usable window area 


and, 


usable window area 
3 window area 


. _ usable window area 

4 usable window area + insulation area 


in which 

conductor area = copper area 

wire area = copper area + insulation area 

wound area = number of turns x wire area of one turn 

usable window are = available window area minus residual area which 

results from the particular winding technique used 

window area = available window area 

insulation area = area usable for winding insulation 

Sj is dependent upon wire size. Columns A and D of Table FI, page 44 
may be used for calculating some typical values such as for AWG 10, 

AWG 20, AWG 30 and AWG 40. 
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Table FI. Wire Table 



Bar* Area 

RtiUlanct 

Heavy Synthetic* j 

Wlf« 

SUt 

«**10*’ 

<lo4lM8aB) 


t.*Q 



Dlametar 

Tumi- 

Par 

Turn* -Per 

Weight 

C1R.MIL* 

cnTSTTW!' 


cm-MiL* 

cm 

Inch* 

cm 

Incl^ 

cm^ 

Inch^ 

Utnfcm 

td 

52.61 

I03B4 

32.70 

55.9 

11046 

0,267 

0.1051 

3.B7 

9,5 

10*73 

69,20 

0.468 

11 

41.61 

8226 

41.37 

44,5 

8798 

0, 21B 

0.0918 

4. U. 

10.7 

13.4A 

89.95 

0. 3750 

12 

33. QB 

6529 

52.09 

35.64 

7022 

0.213 

0,0838 

4.85 

11.9 

16.81 

108.4 

0.2977 

13 

26.26 

51B4 

69.64 

28.16 

5610 

0.190 

0,0749 

5.47 

13.4 

21,15 

tl6,4 

0* 2367 

14 

20.82 

4109 

82.80 

22.95 

4556 

0.171 

0.0675 

6,04 

14.8 

2b, 14 

168.6 

0. 1879 

15 

16.51 

3260 

104.3 

18,37 

3624 

0. 153 

0.0*02 

6,77 

16,6 

32.66 

210.6 

0. 1492 

14 

13.07 

2581 

131.8 

14.73 

2905 

0. 137 

0.0539 

7. 32 

18.6 

40.73 

262.7 

0. 1 184 

It 

10, 39 

2052 

165.8 

11.68 

2321 

0, 122 

0, 0482 

8. 18 

20.8 

51*16 

131.2 

0. 0943 

IB 

8.228 

1624 

209.5 

9. 326 

1857 

0.109 

0, 0431 

9.13 

23.2 

64.31 

414.9 

0,07472 

19 

6.531 

1289 

263.9 

7.539 

1490 

0, 0980 

0, 0386 

10.19 

25,9 

79.85 

515.0 

0. 05940 

20 

5. IBB 

1024 

332.1 

6.065 

1197 

0.0879 

0.0346 

11.37 

28. 9 

98,93 

638,1 

0* 04726 

21 

4.116 

812.3 

416.9 

4.837 

954.8 

0*0785 

0.0309 

12,75 

32,4 

124.0 

799.8 

0. 03757 

22 

1.Z43 

640.1 

531,4 

3.857 

761,7 

0.0701 

0*0276 

14* 25 

36*2 

155,5 

1003 

0, 02965 

23 

2.S8B 

510.8 

666.0 

3.135 

620.0 

0,0612 

0.0249 

15. B2 

40,2 

191*3 

1234 

0.02372 

24 

2.047 

404,0 

842,1 

2.514 

497.3 

0,0566 

0*0223 

17*63 

44, A 

21B.6 

1^39 

0.018B4 

25 

1.623 

320,4 

1062.0 

2. 002 

396.0 

0,0505 

0,0199 

19*80 

50*3 

299*7 

1933 

0.01498 

26 

t.2B0 

252,8 

1345.0 1 

1,603 

316.8 

0,0452 

0,0178 

22* 12 

56.2 

374*2 

2414 

O.OM85 

27 

t.021 

201.6 

1687.6 

1.313 

259.2 

0.0409 

0.0161 

24.44 

62,1 

456,9 

2947 

0.00945 

2B 

0.8046 

158.B 

2142.7 

1,0515 

207.1 

0.0166 

0.0144 

27.32 

69,4 

570*6 

3680 

0.00747 

29 

0. 6470 

127,7 

2664.3 

0, 8548 

169.0 

0.0330 

0.0130 

30,27 

76.9 

701,9 

4527 

0.00602 

30 

0.S067 

100.0 

1402.2 

0.6785 

134.5 

0.0294 

0.0116- 

11.93 

86.2 

B84.3 

5703 

0, 00472 

3) 

0.4013 

79.21 

4294.6 

0.5596 

110.2 

0.0267 

0*0105 

37.48 

95.2 

1072 

6914 

0,00372 

32 

0.3242 

64.00 

5314.9 

0.4559 

90.25 

0,0241 

0,0095 

41.45 

105.3 

1316 

8488 

0.00305 

33 

0,2554 

50.41 

6748.6 

0. 3662 

72.25 

0,0216 

0, 0085 

46.11 

117.7 

1618 

10965 

0. 00241 

34 

0.2011 

39.69 

8572,8 

0.2863 

56.25 

0.0191 

0.0075 

52* 48 

133.3 

2095 

13512 

0.00189 

35 

0,15B9 

31.36 

10849 

0.2268 

44, 89 

0.0170 

ft, 0067 

58,77 

149.3 

2645 

17060 

0.00150 

36 

0.1266 

25.00 

13608 

0.1813 

36* 00 

0.0152 

0.0060 

65,62 

166.7 

3309 

21343 

0,00119 

37 

0. 1026 

20.25 

16801 

0.1538 

30.25 

0,0140 

0.0055 

71.57 

181.8 

3901 

25161 

0. 000977 

18 

0. OBI 07 

16, 00 

21266 

0. 1207 

24.01 

0.0124 

0.0049 

80,35 

204. 1 

4971 

32062 

0. 000773 

29 

0. 06207 

12.25 

27775 

0.0932 

18.49 

0,0109 

0*0043 

91,57 

232,6 

6437 

41518 

0. 000593 

40 

0.04869 

9.61 

35400 

D.0723 

14,44 

0.0096 

0.0038 

103.6 

263.2 

8298 

53522 

0.000464 

41 

0,03972 

7.84 

43405 

0. 0584 

11.56 

0,00863 

0*0034 

115.7 

294.1 

10273 

66Z60 

0,000379 

42 

0. 03J66 

6.25 

54429 

0,04558 

9.00 

0.00762 

0*0030 

131.2 

313, 3 

13163 

84901 

0.000299 

43 

0.02452 

4.84 

70108 

0.03681 

7.29 

0.00685 

0*002? 

145.8 

370.4 

16291 

105076 

0*000233 

44 

0,0202 

4.00 

85072 

0.03165 

6. 25 

0,00635 

0.0025 

I5f*4 

400*0 

1B957 

122272 

0. 000195 
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TEMPERATURE CORRECTION FACTORS 

The v/alues shown in FLg* 1 are based upon a correction factor of 1 , 0 at 
20 ®C. For other temperatures the effect upon wire resistance can be calculated 
by multiplying the resistance value for the wire size shown in column C of 
Table 2 by the appropriate correction factor shown on the graph. Thus, 
Corrected Resistance = \x^/cm (at 20°C) x ^ 

100° C T / 


BASED ON TEMPERATURE COEFFICIENT 
OF 0. 00393 ADOPTED AS STANDARD 
BY THE INTERNATIONAL ELECTRO- 
CHEMICAL COMMISSION IN 1913. 


-50° c 


CORRECTION FACTOR £ 


Fig, FI. Resistance Correction Factor {L,, Zeta) for wire temperature 

between -50“ And 100“C 
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CONVERSION DATA FOR WIRE SIZES FROM #10 to #44 

Columns A and B in Table FI give the bare area in the commonly used 
circular mils notation and in the metric equivalent for each wire siae, Column 
C gives the equivalent resistance in microhms /centimeter ((^S2/cm or 10*’^S2/ 
cm. ). Columns D to E relate to coated wires showing the effect of insulation on 
size and the number of turns and the total weight in grams /centimeter. 

The total resistance for a given winding may be calculated by multiplying 
the MLT (mean length/turn) of the winding in centimeters, by the microhms 
cm for the appropriate wire size (Column G), and the total number of turns. Thus 

R = (MLT) X (N) X (Column C) X 10"^ [ohms] 

The weight of the copper in a given winding may be calculated by multi- 
plyit^g the MLT by the grams /cm (Column L) and by the total number of turns. 
Thus 


= (MLT) X (N) X (Column L) [grams] 

Turns per square inch and turns per square cm are based on 60% wire fill 
factor. 
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AWG 10 = Iq* Qri ' = 0*941 ; 
55. 90 cm 


AWG 20 = f ' = 0*855 ; 

b. 065 cm ’ 

AWG 30 = S* v2S -- — ■ = 0. 747 ; and 
0. 6785 cm 

AWG 40 = = 0-673 

0.0723 cm 

is the fill factor for the usable window area. It can be shown that for 
circular cross-section wire wound on a flat form the ratio of wire cm^ to | 

the area required for the turns can never be greater than 0.91. In practice, I 

the actual maximum value is dependent upon ihe tightness of winding, variations | 

in insulation thickness, and wire lay. Consequently, the fill factor is always | 

I 

less than the theoretical maximiim. j 

I 

As a typical working value for copper wire with a heavy synthetic film | 

insulation, a ratio of 0. 60 may be safely used. 

The term defines how much of the available window space may 
actually be used for the winding. The winding area available to the designer 
depends on the bobbin configuration. A single bobbin design offers an effective 
W between 0.835 to 0.929 while a two bobbin configuration offers an effective 

Ob 

W^ between 0. 687 to 0.872. A good value to use for both configurations is 0.75. 

The term 5^ can vary from 1. 0 to 0. 80 and defines how much of the usable 
window space is actually being used for insulation. If the transformer has 
multiple secondaries having significant amounts of insulation could be as low 
as 0, 8. 

A typical value for the copper fraction in the window area is about 0.40. 

For example, for AWG 20 wire, X X X = 0. 855 X 0, 060 X 0. 75 X 
1, 0 = 0. 385, which is very close to 0, 4, 
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This may be stated somewhat differently as; 


0.4 = 


A Bare 
w 

A Total 
w 


W 


(Sj) 


X Fill Factor X 




a(eff) 

W 


(S3) 


X Insulat 


on Factor 


(S4) 
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APPENDIX G 


TRANSFORMER WEIGHT 


The total weight of a transformer can be related to the area product 
A . The straightline logarithmic relationship shown in Figure G1 below, has 
been calculated from the data shown in Table 1 (pages 11 and 12). 



Fig. Gl. Transformer Total W^. Versus 
Area Product A 

P 


This relationship is obtained from the conventional slope relationship; 


Log(W /W ) 
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in which the W. and A values are the extremes of the data shown in columns 14 
t p 

and 15 for weight, and column 3 for area product. 

The relationship is; 


0 75 

^t = ^'w^p 


(Gl) 


in which the constant K has been derived empirically by averaging the data 


presented in columns 3, 14 and 15 of Table 1 (pages II and 12) and is 66. 6. 


Table 12 (page 55) shows how weight varies as a function of selected dif- 
ferent magnetic materials used for transiormer C-cores. Magnetic materials 
for C-cores are discussed in Appendix I (page 54). 


Derivation of the relationship is according to the following; Weight W, 

3 

varies in accordance with the cube of any linear dimension £ (designated £ 


below), whereas, area product A varies as the fourth power; 

P 


W. = K, fi- 
t 1 


(G2) 


A = K,r 
P 2 


(G3) 


A 

= _£ 
^2 


(G4) 


2 = 



0.25 


(G5) 


M 
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in which Kj is a constant depending upon the core nuiterial, and is related 
to core and window dimensions . 
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APPENDIX H 


TRANSFORMER VOLUME 


The volume of a transformer can be related to the area product A^ 
C-core transformer, treating the volume as shown in Figure HI below as 
solid cube quantity without, subtraction of anything for the core window. 


of a 
a 



Fig. HI. C“Core Volume 


The straight-line logarithmic relationship plotted in Figure HZ below, 
has been calculated from data in Table I, using the data shown in Figure Hi 
above . 

The relationship is obtained from the conventional slope relationship: 


Slope 


Log(Vol. 2/Vol. 1) 

~~HogXAT7An 

P P 


in which the Vol. and A values are the extremes of the data shown in 

P 

column IS for volume, and column 3 for area product. 

The volume/area product relationship is: 


Vol. 


K A^' 

V p 


(HI) 


in which is a constant related to core configuration. It is 17. 9 for a C-core, 
which has been derived by averaging the values in Table 1, 

JPL Technical Memorandum 33-767 


52 





APPENDIX I 


MAGNETIC GORE MATERIAL TRADEOFF 


The relationships between area product A and certain parameters are 
associated only with such geometric properties as surface area and volume, 
weight, and the factors affecting temperature rise such as current density. 


A has no relevance to the magnetic core materials used, but since the designer 
P 

often must make tradeoffs between such goals as efficiency and size which are 


influenced by core material selection, some useful data is presented below. 


In the many articles written about inverter and converter transformer 
design, recommendations with respect to choice of core material usually are 
a compromise selection of material characteristics such as those tabulated in 
Table II, and graphically displayed in Figure II. The selected data are 
typical of commercially available core materials suitable for the mentioned 
applications . 



Fig, II. The Typical d.c, B-H Loops of 
Magnetic Material 
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able II, Magnetic coi'e material characteristics 


Trade names 

Composition 

Magnesil 

Silectron 

MicrosU 

SuperaiJ 

Si 

97% Fe 

Deltamax 
Orthunol 
49 Sq. Mu 

50% Ni 
50% Fe 

Allegheny 4750 
46 Alloy 
Carpenter 49 

4B%Ni 
52% Fe 

4-79 Permalloy 
Sq* Permalloy 
80 Sq. Mu 79 

79% Ni 
17% Fe 
4% Mo 

SupcrmalLoy 

78% Ni 
17% Fe 
5% Mo 


DC coercive 
force, 
amp -turn/ 
cm 

Squareness 

ratio 

Material 

density, 

g/cm^ 

0. 5-0. 75 

0.85-1.0 

7.63 

0. 125-0.,25 

0. 94-1. 0 

a. 24 

0.062-0. 187 

0.80-0, 92 

8. 19 

0,025-0.05 

0.80-1.0 

8. 73 

0,0037-0.01 

0.40-0.70 

8.76 


10 G 

1^ = 0.036 Ib/i 


Table 12. Core material characteristics 


Material 

Density 

Factor^ 

Magnesil 

7. 63 

1. 000 

Supe rmende r 

8. 15 

1, 066 

48 Alloy 

8. 19 

1.073 

Ortihonol 

8, 24 

1.079 

Sq Permalloy 

8.73 

1. 144 

Supermaiioy 

8.77 

1. 148 

W eight factor . 
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As can be seen, the material which provides the highest dux density, 
silicon, produces the smallest component size. If size is the most important 
consideration, this would determine the choice of materials. On the other 
hand, the type 78 SUPERMALLOY material (see the 5/78 curve in Figure II), 
has the lowest flux density and this material would result in the largest size 
transformer. However, this material has the lowest coercive force and lowest 
core loss of any of the available materials. These factors might well be decisive 
in other applications. 

Inverter transformer design usually is aimed at achieving the smallest 
size with the highest efficiency, and with adequate performance for the widest 
range of environmental conditions. Unfortunately, the material which produces 
the smallest size has the lowest efficiency, and conversely, the highest effi- 
ciency materials result in the largest size. Thus tradeoffs must be made 
between the allowable transformer size and the minimum tolerable efficiency. 
Choice of core material is thus based upon achieving the best characteristic 
for the most critical or important design parameter, with acceptable compro- 
mises on all other parameters. 

Fortunately, there is such a wide choice of core sizes available (Table 1, 
pages 11 and 12, lists only 20 out of more than 200 commercially available), 
that relative proportions of iron and copper can be varied without changing the 
A area product. ^ 
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However, at frequencies above about 20 kHz, eddy current losses are so much 
greater than hysteresis losses that it is necessary to use very thin (1 and 
2 mil) strip cores. 
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APPENDIX J 


SKIN EFFECT 


Skin Effect 

It is now common practice to operate dc-to-dc converters at frequencies 
up to 50 kHz. At higher frequencies, skin effect alters the predicted efficiency 
since the current carried by a conductor is distributed uniformly across the 
conductor cross-section only at dc and at low frequencies. The concentration 
of current near the wire surface at higher frequencies is termed the skin effect. 
This is the result of magnetic flux lines which circle only part of the conductor. 
Those portions of the cross section which are circled by the largest number of 
flux lines exhibit greater reactance. 

Skin effect accounts for the fact that the effective alternating current 
resistance to direct current ratio is greater than unity'^. The magnitudes of the 
effects due to increased frequency on conductivity, magnetic permeability and 
inductan ^e are sufficient to require further consideration of the size of the con- 
ductor. The depth of the skin effect is expressed by; 

1/2 

depth (cm) = 6.61/f ) K (Jl) 

I 

in which K is a constant according to the relationships 

K = [(l/pr) p/pc]^^^ (J2) 


in which; 

pr = relative permeability of conductor material (pr = 1 for copper and 
other nonmagnetic materials) 

p = resistivity of conductor material at any temperature 

pc = resistivity of copper at Z0°C - 1.724 microhm- centimeter 

K = unity for copper 

^Reference 3. 
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Figures J1 and J2 below show respectively, skin depth as a function of 
frequency according to equation (J2) above, and as related to the AWG radius, 
or as R /R , = 1 versus frequency. * 

2.C QC 



Fig. Jl. Skin Depth Versus Frequency 



Fig. J2. Skin Depth Equal to AWG 
Radius Versus Frequency 


The data presented is for sine wave excitation. The author could not find any 
data for square wave excitation. 
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APPENDIX K 

AREA PRODUCT A RELATIONSHIP 

P 

There is a unique relationship between the "Area Product", A 

P 

characteristic number for transformer cores and several other important 
parameters which must be considered in transformer design. 

The power handling capability of a transformer can be related to its A^ 
quantity (which is actually its W A product where W is the available core 
window area in cm^ and A is the effective cross-sectional area of the core in 
cm ). 

These relationships can now be used as new tools to simplify and 
standardize the process of transformer design. They make it possible to 
design transformers of smaller bulk and volume or to optimize efficiency. 

Table K1 was developed using the least- squares curve fit from the data 
obtained in Tables K2 through K6, The ar*^a product A^ relationships with 
volume, surface area, current density, and weight for tape wound cores, 

C type core, powder cores, laminations and pot core are found in Figures K1 
through K20. 


Table Kl. Transformer Configuration Constants 


Pot cores 


Powder cores 


Lamination 


C type cores 


Tape wound cores 


K. 25"C 
j 

Kj50“C 

433 

632 

290 

423 

366 

534 

323 

468 

250 

365 



• 0. 17 


- 0 , 12 


- 0 , 12 


-0. 14 


-0. 13 


K 

K 

s 

w 

33. 8 

o 

00 

32. 5 

58. 8 

41. 3 

68. 2 

39.2 

66. 6 

50.9 

82. 3 



14. 5 


13 . 1 


19.7 


17.9 


25. 
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Definitions for Table K2 


Information given is listed by column as: 

1. Manufacturer part number 

2. Surfe.ee area calculated from Figure K21 

3. Area product effective iron area times window area 

4. Mean length turn 

5. Total number of turns and wire size using a window utilization factor 

K = 0*40 

u 

6. Resistance of the wire at 50® C 

7. Watts loss is based on Figure Cl for a AT of 26® C with a room 
ambient of 25 ®C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

8. Current calculated from column 6 and 7 

9* Current density calculated from column 5 and 8 
10* Resistance of the v/ire at 75 ®C 

11, Watts loss is based on Figure Cl for a AT of 50 ®C with a room 
ambient of 25® C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

12, Current calculated from column 10 and 11 

13, Current density calculated from column 5 and 12 

14, Effective core weight for silicon plus copper weight 

15, Transformer volume calculated from Figure K24 

16, Core effective cross-section 
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Table K3. Pofc cores characteristics 






































Definition for Table K3 


Information given is listed by column as; 

1. Manufacturer part number 

2. Surface area calculated from Figure K2l 

3. Area product effective iron area times window area 

4. Mean length turn 

5. Total number of turns and wire size using a window utilization factor 

K = 0. 40 
u 

6. Resistance of the wire at 50® C 

7. Watts loss is based on Figure Cl for a AT of 25 ®C with a room 
ambient of 25 °C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

C vL 

8. Current calculated from column 6 and 7 

9. Current density calculated from column 5 and 8 

10. Resistance of the wire at 75® C 

11. Watts loss is based on Figure Cl for a AT of 50® C with a room 
ambient of 25®C surface dissipation times the transfoanner surface 
area, tc tal loss is equal to 2 

. 12. Current calculated from column 10 and 11 

13. Current density calculated from column 6 and 12 

14. Effective core weight for silicon plus copper weight 

15. Transformer volume calculated from Figure K24 

16. Core effective cross-section 
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Fig, K5. Current Density Versus Area Product Ap 
for a 25®C and 50® C Rise for Pot Cores 



Fig. K6. Surface Area Versus Area Product Ap for Pot Cores 


66 JPL T 'chnical Memorandum 33-767 









JPL Technical Memorandum 33-767 



Table K4. Laminations characteristics 














Definitions for Table K4 


Information given is listed by column as: 

1. Manufacturer part number 

2. Surface area calculated from Figure K22 

3. Area product effective iron area times window area 

4. Mean length turn on one bobbin 

5. Total number of turns and wire size for one bobbin using a window 

utilization factor K = 0, 40 

u 

6. Resistance of the wire at 50" C 

7. Watts loss is based on Figure Cl for a AT of 25" C with a room 

ambient of 25" C surface dissipation times the transformer surface 

area, total los s is equal to 2 P . 

cu 

8. Current calculated from column 6 and 7 

9. Current density calculated from column 5 and 8 

10. Resistance of the wire at 75 "C 

11. Watts loss is based on Figure Cl for a AT of 50 ®C with a room 
ambient of 25 °C surface dissipation times the transformer sur&ce 
area, total loss is equal to 2 P 

12. Current calculated from column 10 and 11 

13. Current density calculated from column 5 and 12 

14. Effective core weight for silicon plus copper weight 

15. Transformer volume calculated from Figure K25 

16. Core effective cross-section ‘ 
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Definitione for Table K5 


Information given is listed by column as; 

1. Manufacturer part number 

2. Surface area calculated from Figure K23 

3. Area product effective iron area times window area 

4. Mean length turn on one bobbin 

5. Total number of turns and wire size for two bobbins using a window 

utilization factor K = 0. 40 

u 

6. Resistance of the wire at 50" C 

7. Watts loss is based on Figure Cl for a AT of 25" C with a room 
ambient of 25" C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

8. Current calculated from colirmn 6 and 7 

9. Current density calculated from column 5 and 8 

10. Resistance of the wire at 75" C 

11. Watts loss is based on Figure Cl for a AT of 50" C with a room 
ambient of 25 "C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

on 

12. Current calculated from column 10 and 11 

1 3. Current density calculated from coltimn 5 and 1 2 

14. Effective core weight for silicon plus copper weight 

15. Transformer volume calculated from Figure K26 

16. Core effective cross-section 
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AREA PRODUCT, Ap, cm' 

Fig. K15. Volume Versus Area Product Ap for C-Type Cores 



C TYPE CORES 






















































Definitions for Table K6 


Information given is listed by column as; 

1. Manufacturer part number 

2. Surface area calculated from Figure K21 

3. Area product effective iron area times window area 

4. Mean length turn 

5. Total number of turns and wire size using a window utilization factor 

K = 0. 40 
u 

6. Resistance of the wire at 50 “C 

7. Watts loss is based on Figure Cl for a AT of 25" C with a room 
ambient of 25 “C surface dissipation times the transformer surfe.ce 
area, total loss is equal to 2 P 

8. Current calculated from column 6 and 7 

9. Current density calculated from column 5 and 8 

10. Resistance of the wire at 75® C 

11. Watts loss is based on Figure Cl for a AT of 50® C with a room 
ambient of 25 ®C surface dissipation times the transformer surface 
area, total loss is equal to 2 P 

12. Current calculated from column 10 and 11 

13. Current density calculated from column 5 and 12 

14. Effective core weight plus copper weight 

15. Transformer volume calculated from Figure K24 

16. Core effective cross-section 
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SURFACE AREA, A cm^ CURRENT DENSITY, AMPS/cm^ 




Fig. K17. Cuirent Density Versus Area Product Ap 
for 25 ®C and 50“ C Rise for Tape -Wound Toroids 



Fig. KI8. Surface Area Versus Area Product Ap for Tape-Wound Toroids 
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At* SURFACE AREA 

-OOcOREl 


Fig, K21, Tape Wound Core, 
Power Cores, and Pot Cores 
Surface Area 

t 
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Fig. K22, Lramination Surface 

Area A, 
t 
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Fig, K23* C Core Surface Area A^ 
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Fig. K24. Tape wound core, 
Powder Core, and Pot Cores 



Fig. K25, Laminations 
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